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Formwork in Construction
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Limitations

. Wood, steel sheets/plates, ply boards, Aluminum, Plastics etc... are com
monly used form work materials.

Formwork costs around 40-50% of the total construction cost in RCC.

. Storing and limitations in reusing increases the capital investment in con
struction industry.

Formwork arrangement and its alignment consumes more time compare
d to the concreting work.

. Aluminum form work, steel form work, vinyl based form work, rubber and
glass form works are also available. But still the capital investments are
high and requires maintenance, transportation, storing unit etc..



NEED OF STAY-IN-PLACE FORM WORK

Stay in place (SIP) form work system is an effective and advanced way of
formwork system.

In SIP the formwork material become an integral part of the structural ele
ments Advantages such as thermal comfort, external protection to resist
the durability issues, additional confining pressure and reduces the
construction time and offers viable economical solution.

Different materials such as fibers reinforced polymers (FRP), polyvinyl
(PVC), Cementitious composites, extended polystyrene (EPS), glass fiber
reinforced concrete/composites (GFRP), steel composites, steel meshes
etc... have been in practice.
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Research Scopein SIP

Numerous researches have focused on improving the SIP system m
ore systematically and efficiently. Problems such as the bond
between the fresh concrete and the form work materials influence
on the elemental behavior, failure pattern, life span etc... have been
identified as issues in SIP systems and research level and practical
level solutions also had been proposed.
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Reinforced concrete

Acts s air barmier.

EPS form panel.
Acts s vapor
barter & insulation

strips

Exterior finssh.
Stucco shown

INSULATED CONCRETE FORMS (ICF)

The lines between the bars aliow culs 10 be eauly made that

wit allow the interlock to function consstently between
courses Cuts should always be made straight and square on
the ines. Cutting anywhere but along these marks will create

About ICFs

TYPICAL ICF FORMUNIT  TYPICAL ICF WALL ASSEMBLY

Exparded polystyrena foarm pansis form the concrete
and then remain n place o provide inswlation

i

BARS
The spaces between
the lines

INTERLOCK

The mechanism that holds successive
courses of forms together

I
INTERLOCK e
UNes ——

WEB

Polypropylens bies that holds the form unit
together The web aiso acts as the placement
mechansm for reinforcing steel and the

275 attachment surface for nish materials. There are

Sx webs I sach form unit
a stacked vertical wird



Advantages

» Offers resistance to gravity and lateral loading due to its monolith
ic construction technique.

 Energy efficiency and thermal comfort

* Noise reduction

* Resistant to corrosion.

« Easy to install and time saving construction technique.

« Cost effective solution.



LATTICE BASED ICF SYSTEM AND ITS DIFFERENT MODULES

BEARING WALLS

ROOFS NON-BEARING WALLS
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Structural SIP system
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PVC Based SIP system

Preformed corner assembly

EPS foam insulating panel

Concrete u|;.per structural
beam with horizontal rebar

16" 0.¢. concrete column
Rigid PVC furring assembly

Extra-wide flange for
attaching exterior finishes

Retainer clip

Concrete lower structural beam
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Base angle at slab or footing
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PVC Profile — Concrete Filler - SIP system

PVC Profiles

Continuous top plate

Concrete fill Reinforcement

position

| & Interconnecting spline

Core of extruded
polystyrene or
urethane-based
foam core

‘:5 OSB skin

PVC Profiles Bottom plate

Concrete fill

200mm y

L 65mm - 65mm -




FRP BASED SIP FORM WORK SYSTEM

Carbon fiber mesh Polypropylene fiber
(continuity region only) /reinforced concrete
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Stiffened Carbon FRP plate







Structural Behavior of FRP SIP

Load
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FRP panel with Sand blast coating
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HYBRID FRP PANELS

In Hybrid FRP panels light weight concrete/foam based concrete used as cor
e material over a thin layer of normal concrete will be used. Figure shows the
Hybrid FRP panels. The bottom most FRP planks are offering better resistan
ce to tension and the top most concrete layer offers resistance to compressio
n. The inner core resists the shear force and acts as insulated materials. This
principle increases the stiffness and strength without increasing the density o
f the elements.




FRP Box Beam with Concrete in the Compression Zone

(a) Adhesive

(f) PFR for hybrid beam

(c) FRP drawls

(g) PER for hybrid deck

Concrete \
\" 3 ™

GFRP —>

I CFRP

GFRP-concrete hybrid flexural member (Deskovic et al. 1995)

Concrete-filled FRP tubes with a concrete slab on top
(Fam and Skutezky, 2006)
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Structural Behavior of Column Constructed
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Design Equations for Concrete Bridge Decks with FRP o — 2 i¥eorm
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Common Detailing used in FRP SIP System =+

Concrete

Screw panels onto leveling p'ate

Leveling
Plate

Concrete
Screw panels onto levelng plate

Praariiea Hole
¥
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C “FRP
Leveling Parel
Plate
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| Concrete
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' FRP !
Styrofoam Panel
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Effect of PVC Stay-In-Place Formwork on Mechanical

Performance of Concrete 5 pyaL oF MATERIALS IN GIVIL ENGINEERING © ASGE / JULY 2009.

Katherine G. Kuder'; Rishi Gupta®; Corinne Harris-Jones®; Richard Hawksworth*; Sean Henderson®; and
Jason Whitney®

45 degree
connector

Octaform cell
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Fracture Mechanism and Damage Evaluation of
FRP/Steel-Concrete Hybrid Girder Using
Acoustic Emission Technique

Fangzhu Du'; Dongsheng Li%; and Yunyu Li®
J. Mater. Civ. Eng_, 2019, 31(7): 04019111

Failure Pattern Failure Pattern



Stay-in-Place Formwork of TRC Designed as Shear
Reinforcement for Concrete Beams SIP - Textile Reinforced Concrete

S. Verbruggen, O. Remy, J. Wastiels, and T, Tysmans
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Internal Stress and Strain Distributions of RC Element casted on TRC -SIP
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Fire resistance performance of concrete-PVC panels %
with polyvinyl chloride (PVC) stay in place (SIP) -
formwork

Michel Murillo A.* " *, Bernardo F. Tutikian ', Vindctus Ortolan®, Marcos L.S. Oliveira*,
Carlos H. Sampaio’, Leandro Gomez P*, Luis F. Silva 0°

Concrete fill




Sample

Before exposure to fire

After exposure to fire

PVC1

PVC2

PVC3
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L ateral Pressure on Wall Formwork

P =C, C.[150+9000R /T]

lateral pressure for wall having the placement height less than or equal to 14
f, having rate of placement less than 7f/hr.

P, = maximum lateral pressure, Ib/sft
C,, = unit weight coefficient

C. = chemistry coefficient

R = rate of fill of concrete in form, f /hr
T = temperature of concrete in form, °F



For all wall forms with concrete placement rate from 7 to 15 f,/hr, and for
walls where the placement rate is less than 7 f/hr and the placement height
exceeds 14 ft.

P =C,C_[150+43400/T +2800R/T]
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o Steady and unsteady Heat Flow through Buildings

o Thermal Admittance and decrement factor

© Mean temperature in the space

o Fluctuating Heat gains and Internal temperature

o

< ECBC Codal Provisions & expt. Evaluation
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© Temperature Monitoring in Building-A case Study
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Heat Transfer- Conduction 1

Heat transfer by conduction
involves transfer of energy
within a material without
any motion of the material
as a whole.

The rate of heat transfer
depends upon the
temperature gradient and
the thermal conductivity of
the material.
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Particles are held together very
closely by strong electromagnetic
forces

Material having
thermal conductivity
) Area A
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Heat Transfer-Convection

Tl

F 0 s Send s
CERA B0 L0 MITNTE KOMEE

Heat transfer by mass motion of a fluid such as air or water

when the heated fluid is caused to move away from the source
of heat, carrying energy with it.
Convection above a hot surface occurs because hot air
expands, becomes less dense. Hot water is likewise less dense
than cold water and rises, causing convection currents which
transport energy.
It volume increases,
~ ‘_f*..‘ s Particles are quite e ot
\“;j""""(#:"':f x.___..f'* close to each other Ip= $+ ﬁ;ﬁmr
TN (Y Ssell and irregularl fises
(_jl * K“.’/l“' 1" f} g d y 4 ﬂ cooler airdrops  |deal law f
"'"""}*-} - : connecte v = conslant and replaces the “niitgﬁts ?:ssirre
:‘?‘\, /,_-f:“ (‘\ r'“f\ by weak ”:h-l: , warmer air "" ”F'p tant
] AT Y — . & temperature . = constan
1““—' - n"_--"""j’” electromagnetic of a given mass of & Q/ r P
e e O ™ ; C\I forces that are volume must increase  heater ‘
. e . ? ) s . by the same factor.
& easily broken and

re-established.

http://hyperphysics.phy-astr.gsu.edu/hbase/thermo/heatra.html#c3



http://hyperphysics.phy-astr.gsu.edu/hbase/thermo/heatra.html

Heat Transfer- Radiation Aol

g
%

5
o)

o
'
A
;
:
5
;

Radiation is heat transfer by the emission of
electromagnetic waves which carry energy away from
the emitting object.

\J Ve N

There are no forces between them
except for occasional collisions.
They move around freely and
quickly.

Definition and diagram from: http://hyperphysics.phy-astr.gsu.edu/hbase/thermo/heatra.html#c3



http://hyperphysics.phy-astr.gsu.edu/hbase/thermo/heatra.html

Heat Flow through Building Envelope

A choporation

¥
:

) Qfodioiion
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Hest Exchange Processes
Between A Building And
External Environment

Dyniomarnon
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Lohpuction

human body and the indoor environment

Qs- Direct Solar radiation

Qc- heat flow through Conduction

Qv- Heat flow through Ventilation

Qi- heat generated through body,
equipment’s

Qe- Heat Evaporation/emission
during night
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Heat Flow through Building Envelope

Conduction Solarradiation

through // ‘.// 1, e
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Floor ﬁﬂ
Conduction

Through floor
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=1 Casual Heat o
= ~—+— Conduction
gain
solidwall |~ /‘é::>
Conduction F o Through glass
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snlird wall

\

Qs- Direct Solar radiation

Qe- Heat Emission during night

Qc- heat flow through Conduction

Qv- Heat flow through ventilation

Qi- heat generated through body, equipment's..



Heat Flow Path

* Steady state: Temperature is constant at
any time

* Transient Conduction/Dynamic /non- ™" &5 w OUTSIDE
steady State)- Temperature at any location s
in a region changes with time

CONVECTION

Heat transfer process through

wall section
b
- » - zune —]
ag
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o
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= . hﬂax
a A
Ti max

= h 4
<
[

! Decrement Factor = Ti max /f Tomax

7 8 9 3037 12132576 1T 181920202223 24 ) < ! < 5 ’

Hours

Thermal Mass Introduces Time Lag Decrement
Factor



HEAT CONDUCTION THROUGH A PLANE WALL

Let us consider a plane wall of homogeneous material through which
heat is flowing in x-direction.,

Let,

L = thickness of the wall

A = cross-sectional area of the wall

k = thermal conductivity of wall material
T,,T1 = temperature maintained at

surfaces 1 and 2
AT- Temp difference inside and outside
a - Thermal diffusivity
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HEAT CONDUCTION THROUGH A PLANE WALL Q(gﬂj m

RIS EG0 MTATE WOOEE

General heat conduction equation is:, (Fourier-Biot equation)
0?’T/0x* + 02T [0y* +0%T/0z* + q/k = 1/a*0T/0t
For one dimensional steady state system (9T/dt) =0
With no heat generation (q/k)= 0
One dimensional flow, 32T /dy? =0%2T/0z*=0
Then, heat equation will be 02T/9x2=0
d®T/dx*=0
Integrating above equation,
dT/dx =C,
Integrating it again,

T=Cx +C,

Where C, and C, are arbitrary constants
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Steady Heat Flow through wall i(%?’ m

* Atx=0;T=T,
* Atx=LT=T,
From the expression derived above T=C .x + C, ............ (1)
At x=0;
T,=C, (0)+C,
C,=T,
At x = L;
T,=C,.L+T,
C,=(T,-T,)/L
Eqn. 1 can be re-written as
T=(T-T,/L).x+T,

i.e temperature varies linearly with x
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Steady Heat Flow through wall iﬁ*} m

RIS EG0 MTATE WOOEE

* Inference:
1. Temperature distribution across the wall is linear.
2. Temperature distribution is independent of k.
From Fourier’s Law of heat conduction, we have,
Heat flow Q = -k AdT/dx
dT/dx=d/dx ((T,-T,)/L* x) +To)=(T,-T,)/L

Fourier’s Law can be re-written as,
Q=-kA (T1'To)/l-
Q=-AU(T,T,)
Where, k- Thermal Conductivity W/mk
L/kA = Thermal Resistance of heat conduction (R) = (L/kA)
U- Thermal Transmittance, W/m?K =1/R
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Steady Heat Flow through layered wall Qfﬁ m

RIS EG0 MTATE WOOEE

T, s p o g

Layers may include
cavity or insulation.

—’Q K. 1, wel Cavity R is used
Q - klA (Tl_TZ) - sz (TZ—TS) = cevesscancs
L L
T{—Ty+Ty —Tsuuur.Ty = Q/A [Li/k1+ Ly /Kot Ly _1/K 1]

Ty—-T,=(Q/A)xR
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S
Steady Heat Flow through layered wall E{%ﬁ’ m

To T
) 5 T
ga\ = U- Thermal Transmittance, W/m?K
\ h h, and h; - Surface heat transfer coefficients
i
o |
Q

Q=h,A(Toq —T,)=h; A(T; —Tis)=(1/R)x (T, —T;)A

1/U - 1/h0 + ll/kl + lz/k2+ . ln—l/kn—l + I/hl

Q = UAAT



Different surfaces are exposed same temperature gradient

Q |U1A1 + UzA; ... [(Toq — Tig)
= [U,Aq + UyAy ... ]
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External and Internal Temperature g}ﬁ; m

Qg g™ ﬁmu!mm u-ss

OUTSIDE .
AIR TEMPERATURE (°C)
S

e~

AT MAY

/s B, -
sel Internal Temp / {\e,ﬁgx\ —— = AUGUST
£ . Int. Mean
' e Ext. Mean

32

o % 8 Z 6 20 2%

TIME OF THE OAY (Hrs).

Due to periodic nature the temperature can be expressed as
a mean temperature and a fluctuating component.

.e.T,, (t) T, + fluctuation
&T;, (t) =T;, + fluctuation
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Steady Heat Flow f{g@ m

0 i gt e oK)
mu!m"l\‘uﬂs

* For conducting in steady state, heat exchange (Q,4)

Qca = ZUjAj (Toa~ Tia)

" U-value of wall depends
_ on the materials used
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Effect of Radiation on opaque surface SV 1N

RIS EG0 MTATE WOOEE

* For unit area, heat absorbed by a surface = a |

After reaching steady state temperature (say at equivalent
temperature t_,),

The Heat Absorbed = Heat Dissipated
e ie.al=h,(Tye-T,,)

a |l /h,= Sol- air excess

Toe=Toq +l/hy

o = Absorptivity of surface

T,.= Sol-air temperature

T,, = Outside air temperature

h,= surface heat transfer coefficient



Temperature Gradient at different times Q%? m

"Qun

A RIS EXG0 MTATE KOS

“r

N

.

\‘\
N t,

In (a)Temperature within the system does vary with time

In (b-d) Due to heat storage capacity of material

Unsteady flow occur
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Unsteady Heat Flow through wall Q{fﬂj’ m

lTime-lag (@)
1

Temperature

room temp. with low thermal mass
= room temp. with high thermal mass

outside temperature |

600 800 10:00 12:00 14:00 16:00 18:00 20:00 2200 000 2:00 400 6:00

a) Light wall b) Heavy wall

TL: Time lag & Swing depends on thermal capacity i.e.,
Density x Specific heat
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R
Thermal Mass ;{;@ m

* Thermal mass is a term used in solar passive design to
describe materials that have the ability to absorb and store
heat.

 Solar efficient homes incorporate thermal mass in order to
remain warm overnight and through periods of cold or cloudy
weather

* High density materials such concrete, bricks, and tiles require
a great deal of heat energy to change their temperature and
are therefore said to have high thermal mass. Lightweight
materials, on the other hand, such timber, have low thermal
mass.



Time Lag ¢ and Decrement factor f

“

wall

[)

10

inside ;oA

\

HIax
[I‘_. (

outside

I (1)

Where,

max
T

TMax
Iy

min
Ty

Important characteristics
to determine the heat

storage capabilities of
any material
The time (hour, h) it

takes for the heat wave
to propagate from the
outer surface to the inner
surface is named as
“time lag (9¢)” and the
decreasing ratio of its

amplitude  during is
named as ‘“decrement
factor (f)

t Tmax o time in hours when inside surface temperatures are at their maximums,
T Tmax e (h) time in hours when outside surface temperatures are at their maximums

P (24 h) is the period of the wave

Source: H Asan (2006)
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Time Lag ¢ and Decrement factor f fétj m

The time lag may be computed as follows
t'rgmx B [Tl‘nu.\' — ZTgm.\' — [Tncnux .
(/) — [Tmu.\' - tTmu.\' — [Tmux — [Tmu.\' —|— P’
0 e 0 e
Z‘Tgwx — ITEMX — P,

The decrement factor is defined as:

A max Tmin Where,
» O . .
= — 9 & Ao, Ae amplitudes of the wave in the
- max min .

Ac Tc — Tc inner & outer surfaces of the wall

Smaller the decrement factor, the more effective is the envelope at
suppressing temperature swings.
The time lag of the heat wave should be as high as possible to delay
an outside sinusoidal heat wave from entering into the room
through the wall or roof.
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Thermal Performance 2,{;33 Tal

CEA R ESE0 MITATE KDAEE

* Effect of radiation on opaque surface is taken account
of through an equivalent temperature

* Short wave absorptivity (Low) and long wave emissivity
(High) are also important

e Sequence of layer does not influence steady flow
although may have effect in periodic heat flow



Heat Flow through Building

Conduction

U- value

Response
Function

Dynamic

Numerical

Time domain

Frequency domain

Finite difference

Finite element

Boundary element



Harmonics

Can be calculated by sum of sin

and cosine functions...
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Frequency Domain Treatment

21j
T(t) = cos(—)t + b; sin ( ) t]

p

||M8

T is the mean.
j corresponds to a harmonic
P is period of the fundamental (2m)

T(t)=T + Z Tjcos(wjt+ @)

2T j
w = angular frequency = (

And @ is tan~1(— ﬁ)
]
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a;, b; can be determined by multiplying cos (ﬂ) and sin (ﬂ)

p P
2 s 21jt
a;, =— T(t) cos( )dt
T p f p
—-p/2
2 P2 2mjt
b; = — f T(t) sin (—]> dt
p p
—-p/2
p/2
T = 1 J T(t) dt
p
—p/2
T; = (aj + b))%, ¢ =tan"1(- 21y

aj



Daily Temperature Variation
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Unsteady Heat Flow through wall ifg? m

The steady flow deal by simple eq. Q= UAAT

dT (x,t) 1

qin — 4.yt through unit area in 1-D situation is the rate
at which heat is stored in 1x dx volume
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Heat Transfer if,f?? m

Temp function of Time and space
0°T (x,t) pcdT(x,t) 10T(x,t)

dx? k Ot a Ot

Diffusivity —«a = %mz/s

p — Density ;¢ — specific heat ( J/°C/kg)

Second order Differential equation

To solve this, many techniques, Numerical such as
FDM, FE, FVM or Frequency domain solutions
done with Laplace transformation...



Unsteady Heat Flow through wall

L [TGe,t)] =f000 e StT(x, t)dt

LT is essentially converting Time domain in to
domain of ‘s’ variable

92L [T (x,
gx(zx Ol _ 2L[T(x, £)] = T(x,0)

Putting initial condition at t=0, T(x,0)=0 & L[T(x,t)]= 6, the
Ordinary differential equation in 0 is
0%0 s

— =290
0x? «
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Solving the ODE, solution is obtained in 8 & inverse transform gives
the solution

Solving the auxiliary equation

S S
D2=—, D:i\/:zip
a a

0 = Ae ™ P* + BeP* (General solution)

Y pAeP* 4 pBer*
dx = —pAae pbe
For x=0, 8 = 8y, ® = Bg= —k (5) (Defined)

00=A+B
®0=kpA—kpB



Unsteady Heat Flow through wall

TGN
e 1
W

1 D,
=g, + —
2_O+kp_
1] D,
B==-160,— —
2_0 kp
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Unsteady Heat Flow through wall = m

0 & @ can be rewritten in terms of 6,, @,

1 Do 1 Do
6 =—=16 P+ =10y — —|eP”
2| 0 kp © 2| 0 kp ©
1 19
0 =-0 —DX DX Y r,px _ ,px
> ole ™ P* +e ]+2kp[e ePX]
By replacing

(e7P* + eP¥)/2 = cosh-px&
(e " P*—eP*)/2 = -2sinh-px
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1 _ 10g  _
6 =§90[e PX + eP*] 4 2T le™P* — ePX]

Replacing, p, & using hyperbolic functions
0(x,s)

B S 0o(0,s) \/?
_HO(O,S)cosh\/;x kp sinh 7%




Unsteady Heat Flow through wall m

xtmr* mm

Similarly for @
0= kda = kpAe P* + kpBeP*
B dx| pse pe

1 Do 1 Do
Yl pepx _ _ _ 201 px
O =kp—= [00 + kp] e kp > [9 kp] e

1 1
0 = — S kpOo[—e™P* + eP*] +  B[eP* + e*]

Using hyperbolic functions

B(x,s) = —6,(0, S)k\/ESinh\/Ex + 0, (0, S)cosh\/Ex
a a a
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Rewriting the equations again, i.e. x replaced by [
FEquations are based on initial BC i.e. at t=o T(temp)= 0

s 00(0,s S
0(l,s) = 6,0, S)COSh\/:l — ol )Sinh\/:l
a kp a

O(l,s) = —6,(0, S)k\/Esinh\/El + @,(0, S)COSh\/El
a a o
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In matrixlitHO(rltné)] B [mll m12] [9(0, S)
d(l,s)] Imyy ma0[0(0,s)

S
= = cosh /—l;
m11 mzz COS 0
~ 1 Gnn /Sl
m12 _ \/ESIH E
k =
a

S S
my, = —k Esmh El




S ——

T 858 | T
e e .
0 , x

[9(11, s)] _ [mh
Q(ll: S) m%1

9(12»5)] _ [mﬁ

1
my,
1
my,
2
mlz
2
mzz

I
I

0(0,s)
?(0,s)

0(ly,s)
D(ly,s)




Unsteady Heat Flow through wall
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0(l2,8)] _
Q)(lz: S) B

A B
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)
mqq

_m%1
O(L,s)]
O(L,s)|

"2
mqq

2
maq

, -
mq,

2
mzz

, -
mq»,

2
my, |

1
m11

m21
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?(0,s)]
m11 m12
_m21

mzz_

|-
m12
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6(0,s)
®(0,s)
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For air layer,
Thermal capacity of air layer is very small

k
Therefore, assume pC — 0, &E =qa > o,
That mean it will allow heat to go instantaneously,

S

l|——>0
a
S
mq1 = My, = coSh El -1

lim\/gl—> 0
a




Unsteady Heat Transfer

For Air Layer

miqq
myq

miqo
myo

]:
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To simplify again,

When, s=iw is used in Laplace transform & using lower limit of
integration as -oo ; for 15t harmonic.

« All temperature and heat fluxes are multiplied by e ~®@1t&
integrated from -co to +oo to obtain the transform

co

jooe“""ltT(t)dt = joo T(t) cos(wt)dt — ij T(t) sin(wqt) dt
0 — 00

=mr(a, — iby)

a, and b, is Fourier's coefficient
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T[(al — lbl) — T[Toe_iwlt

Ty = ‘/(a%_l'blz)

wy = tan~'(—=b;/ay)
*T(t), q(t) thus gets transformed to Fourier
amplitude for the corresponding harmonic

multiplied by we ‘@1t



Transmission Matrix ifé’? m

RIS EG0 MTATE WOOEE

All temperature & heat fluxes are multiplied by
exponent me~'®t ; et can be ignored but
respective w, need to be used in the transmission

matrix.
[TL] :[mn m12] [To]
qLl LMz1 Mz21]q,
LW

mq1= My, = COSh /; l;

1 ] L
Mqo= - sinh [— |
12 Lw a
k -
a
Lw Lw
m21: = - Slnh - I



Transmission Matrix

A
ELE Tal
v VL

i12 (wio)' = 202 (w/2a)" 3
D)Y?= [(1+)*]2=1+i

F = w/2a)'/?

mq,= cosh (FI + IFl)

m4,= - sinh (F1 + iF1) / (kF + ikF)
m, 1= (-KE + ikF) sinh (FI + iFI)
m,,= cosh (FI + IFl)
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Frequency Domain Response factors

Admittance factor (Y ):

This is defined as the amount of energy entering a
surface for each degree of temperature swing at the
environmental point.

It is used to represent enclosure response to give the equivalent
swing in temperature about some mean value due to a cyclic load
on an enclosure.

Consequently mathematically defined as,

S a4t qi_ : ..
Y(I,t)-T 0p - Ti- heat flux/swing of inside temperature

qi will be find by decrement factor and utilised here to
find the internal room temperature



Admittance response factor m

ﬁmnl!mw nl

Y can be determined from transmission matrix,
assuming constant outside temperature, i.e. T,=0

il [ )ao]

For T_=0

i=Bq.
qi= Dq,
o~ ql D

Y= il
Ti B
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To simplify again,
Decrement response factor (p ):

This is defined as the ratio of the cyclic flux transmission to the
steady state flux transmission. (Or temperature)

It is applied to fluctuations (about mean) in external
temperature or flux harmonics impinging on exposed opaque
surfaces undergoing transient heat transfer.

Consequently mathematically defined as,

~ q(Lt) _ qi _ : :
U-T 0D —To- heat flux/swing of outside temperature

_U
K=y



Decrement response factor

= Tal

mul!mm m&

L can be determined from Transmission matrix assuming
constant inside temperaturei.e. T, =0

_A B” ]

Ti
qi
To
id
To
id

-c D
"D
—C

A

—B] Ti

_qi_

qi

For 'T'- =0 To = -Bq;

=L
To

1

—B

u:

1
U (-B)
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M’ = inv(M)

1/-B = 1/M’ (1.2)

U= (1/(1/ho+l/k+1/hi))

(Complex decrement) Cdec = 1/-BU
K = abs(cdec)

¢ = angle (cdec/U)m*12

1/-BU =X+iY
n=vX? + Y2
Tan(¢p) =Y/X
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Outside air coming In= Inside air going out

If air flow =V m3/sec

i.e. volume exchange in unit time (sec) =V m3

C, — Specific heat of air at constant pressure

P= Density of air

Q.= pVCp (T,,- T;)

pC, — Volumetric heat capacity = 1300 Joules/K. m3
V.= Volume of room

N = Number of air change per hr.

Q.= 1300/3600 N V (T_.-T..)=1/3 N V. (T_.-T..)
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Radiation Heat Exchange (Qg) ifé‘? m

Q=).1 AWH

Where,

|= Intensity of radiation (W/m?)

O — Solar Gain factor= 1 for open windows
A~ Area of Window

Casual Heat Gain (Q_,)

Qcs =), miQi
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Qca = Z UiAj(Toe —Tiq) = z UjAj(Toq + (al/ hy)j—T;q)

Toe- Equivalent sol air temperature
ch — Z UjAj(Toa o Tia) + 2 UjAj(a I/ ho)j

For steady state mean temperature
Qea+Qr+ Q¢+ Q=0

If inside & out side mean temperature constant.
Qi and Q.- Heat gain
Q4 & Q- Heat loss
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Z UjAj(Toa — Tia) + z U]A](a i/ho)]‘l‘ z A10 + EV
(Toa - Tia) + ch =0
> UjA4j(Toa—Tia) + Cy(Toa —Tia) + 8 = 0
(Toa - Tia) = _6/(2 UjAj + Z'V)
Tia — Toa + {Q/(Z UjAj + EV)}

Where,
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Mean Temperature in the space é%.f? m

A room 6 m x 5 m x 3m (ht) with one external wall on the
long axis has a single glazed window 4.5 m x 2 m facing
south. Calculate the mean internal temperature given
that T, = 17° C and the mean global irradiance on
exposed wall is 180 W/m? . Assume a of solid wall = 0.4
and h, 9 W/m?2.

U,.=0.7. U- 5.6.

wall window™

Assume two air changes per hour for the room and ali
adjacent room to be the same temperature. Solar gain
factor for glass = 0.76.
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Mean Temperature in the space

V.= 6 X 5x3 = 90m?
A window= 4.5 x 2= 9 m?
A wall = 6x 3 -9 = 9 m?
| =180 W/m?
Mean heat gain through wall = UA (a 1/ho)
=0.7x 9 x 0.4 x180/9=50.4 W
Mean heat gain through window= AIO
=9x180x 0.76 =1231.2 W
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1 1
Cv=§NVR=§*2 *90 = 60 W/°C

UA, = 0.7*%9+ 5.6*9 = 56.7
Tia — Toa + {6/(2 UjAj + Z'V)}

T.

1a

=17 + {1281.6/(60+56.7) }
= 17+ {1281/116.7 }
= 27.9°C



Inside Temperature

Recall, Mean Room temperature

Or

Ti = To +
l 0 (2 AU + Cv)

OT = GR T acs
Room temperature at any instant t is:

T.(t) = Ti + Ti (?) (Fluctuating component)
Ti (t) swing needs to be obtained
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The total fluctuating energy gain at the environmental point
and due to any particular excitation frequency is given by:

Qr(D) = Qps (1) + Qs() + Qc(®) + Qe (V) + Qu (D)
Where,
Qs (t)- Solar radiation on Opaque body fluctuating heat gain

Qs (t)- Transparent surface solar fluctuating heat gain
Q. (t)- Casual gain fluctuating heat

Q. (t)- Opaque surface fluctuating heat gain
agc(t)- Transparent surface conduction fluctuating heat gain

Qv(t)- Fluctuating ventilation heat transfer
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Solar radiation on Opaque body fluctuating heat gain Q(t) =

N
éfS(t) = Z[AiUiRoﬂiaiiso (t—94)]
i=1
Opaque surface fluctuating heat gain Q. (t) =
0
éfC(t) — E[AiUiliiTo (t—04)]
i=1

Where,

~

9]
u -E =Decrement response factor

Ro= 1/ho=surface heat transfer resistance coefficient

@4 is decrement time lag
Iso(t — Q)d) — Iso(t — (Dd) — I
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Fluctuating Heat gains and Internal ggéﬂj m
temperature —

Fluctuating heat gain through surfaces and gain of air is equal
to fluctuating heat input over mean

Ti(t) (Z AY + cv> = Qr(t - 0)

_ aT(t _ ®a)

Where, Y is admittance factor
D= time lag




Thermal Admittance m
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* Thermal performance of the wall/roofs can be
measured by two parameters: thermal insulation and
thermal mass.

 Thermal transmittance is a steady-state property and it
is the measure of thermal insulation

 Thermal admittance (w/mk) is the measure of thermal
mass. An ability to absorb the heat from and
release it to a space over time.

e Amount of energy leaving the internal surface of the
element into the room per unit degree of temperature
swing
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This can be used for thermal storage capacity of a
materials absorbing heat from and releasing it to a
space through cyclic temperature variations and thus
evening out temperature variations and so reducing
the building services system.

This is a measure of the ability of a surface to smooth
out temperature variations in a space and represents
the rate of energy entry into a structure rather than
that of passage through it.
For reduced cooling loads, thermal transmittance should
be as low as possible and thermal admittance should be
as high as possible.
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* Thermal transmission through unit area of a building unit divided by
the temperature difference between the air or other fluid on either
side of the building unit in steady state conditions is termed as
Thermal Transmittance (U-value).

Overall U- factor of typical wall assembly construction:
U=1/(1/h + 5L/ K + 1/ h)........ (i)
=1

Where, h, (19.90 W/(m2K) and h; (9.3 W/(m2K) are the outside and inside film heat transfer coefficients, L;and K;
are thicknesses and thermal conductivities of material layers.

A measure of the overall ability of a building element (wall / window /
floor /roof) to prevent heat loss (W/m?K).

It includes: Material resistances, surface resistances & air space
resistances




Energy Conservation Building Code m

CHAPTER 3 - CODE PROVISIONS R L S O e 6
3.1 Openable Window-to-Floor Area Ratio (WFR ) 6
3.2 Visible Light Transmittance (VLT)
3.3 Thermal Transmittance of Roof (U _ ) 7

rool
3.4 Residential envelope transmittance value (RETV) for building envelope
(except roof) for four climate zones, namely, Composite Climate, Hot-Dry
Climate, Warm-Humid Climate, and Temperate Climate 8

3.5 Thermal transmittance of building envelope (except roof) for cold
climate (U ) 10

anvelope cold

The provisions of this code apply to:
(a) Building envelope

(b) Thermal comfort systems and
controls (only those installed by
developer/ owner)

(c) Lighting systems and controls (only
those installed by developer/ owner)

(d) Electrical systems (installed by

dBp COVRNMENTORMDIA
g MINISTRY OF POWER developer/ owner)

R

31088 5 L
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mwaﬁaowar Govemmnwfmdb

e
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e

(e) Renewable energy systems
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ECBC 2017 Requirements

Table 4.7 Opaque Assembly Maximum U-factor (W/m2) Requirements for a ECBC compliant building

Composite Hot and dry Warm and humid Temperate Cold
All building types, except below 0.40 0.40 0.40 0.55 0.34
No Star Hotel < 10,000AGA 0.63 0.63 0.63 0.63 0.40
Business <10,000AGA 0.63 0.63 0.63 0.63 0.40
School <10,000AGA 0.85 0.85 0.85 1.00 0.40

Table 4.8 Opaque Assembly Maximum U-factor (W/m2) Requirements for a ECBC + compliant building

Composite Hot and dry Warm and humid Temperate Cold
All building types, except below 0.34 0.34 0.34 0.55 0.22
No Star Hotel < 10,000AGA 0.44 0.44 0.44 0.44 0.34
Business <10,000AGA 0.44 0.44 0.44 0.55 0.34
School <10,000AGA 0.63 0.63 0.63 0.75 0.44

Table 4.7 Opaque Assembly Maximum U-factor (W/m2) Requirements for Super ECBC building

Composite

Hot and dry

Warm and humid

Temperate

Cold

All building types

0.22

0.22

0.22

0.22

0.22

Energy Conservation Building Code (Code) is to provide

minimum requirements for the energy-efficient design and
construction of buildings




Roof Assembly Max. U- factor Requirements

The Roof Insulation shall be applied externally as part of the

Structural Slab and not as part of the False Ceiling
Table 4.4 Roof Assembly U-factor (W/m2) Requirements for ECBC Compliant building

Composite Hot anddry | Warm and humid Temperate Cold
All building types, except below 0.33 0.33 0.33 0.33 0.28
School <10,000AGA 0.47 0.47 0.47 0.47 0.33
Hospitality > 10,000AGA 0.20 0.20 0.20 0.20 0.20

Table 4.5 Roof Assembly U-factor (W/m2) Requirements for ECBC + Compliant building

Composite Hot and dry | Warm and humid Temperate Cold
Hospitality, Healthcare 0.20 0.20 0.20 0.20 0.20
Assembly
Business Educational Shopping 0.26 0.26 0.26 0.26 0.20
Complex

Table 4.6 Roof Assembly U-factor (W/m2) Requirements Super ECBC building

Composite Hot and dry Warm and humid Temperate Cold

All Building types 0.20 0.20 0.20 0.20 0.20
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N Systems SEEss
Building Sections / Components U-value
(W/m2K)
R.C. Plank and joist roofing system 60 mm RC plank + 50 mm 2.71
mud phuska + 50 mm brick tiles + 15 mm cement plaster
100 mm thick R.B.C slab + 50 mm mud phuska + 50mm brick 2.36
tiles + 15 mm cement plaster
Brick panel roofing system: Panel size 1150 x 530 x 76 mm + 2.16
R.C.C Joist
115 mm RCC + 75mm Mud Phuska + 50 mm brick tile 2.01

None of the Roofing Assemblies fulfill the ECBC Criteria
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« Code sets minimum performance standards for building envelope to
limit heat gains (for cooling dominated climates) and limit heat loss
(for heating dominated climates) through it.

 RETV is the net heat gain rate (over the cooling period) through the building
envelope of dwelling units (excluding roof) divided by the area of the
building envelope (excluding roof) of dwelling units. Its unit is W/m?

{alel(Aopaque U opaque * a).)}
y +{b><2 A U j} Residential Envelope Transmittance
7\ non-opague " non-opague,” Value (RETV) for building envelope

+{CX21: Anon —opaque, SHGCeqxa))} | I(Fs);i?rzzn';oRog_}_VS:fars ss;rnlf)zly with the

 Thermal transmittance of the building envelope (except roof) for cold
climate shall comply with the maximum of 1.8 W/m2.K.

* Thermal transmittance of roof shall comply with the maximum U,
value of 1.2 W/m2K



ECBC-2018 Tl

Table 3 Coefficients (a, b and c) for RETV formula

Composite 6.06 1.85 68.99
Hot-Dry 6.06 1.85 68.99
Warm-Humid 5.15 1.31 65.21
Temperate 3.38 3.37 63.69

Cold Not applicable (Refer Section 3.5)



Thermal Admittance & Transmittance

i)

L e
0 M Err e b

63 5.6
6.25 $ '
62 5.5 ——
g 615 o 54
:3: 6.1 —8—EPS (K = 0.035) § 53
[&) Ry
S 6.05 —e—PUF (K £0.027) 5o
g 6 S —e— Foam concrete (K = 0.070)
2 5.95 Foam concrete (K = 0.070) E 5.1 —o—Fiber glass (K =0.040)
5.9 < EPS (K =0.035)
5.85 —e—PUF (K = 0.027)
4.9
58
0 20 40 60 80 100 120 140 160 4.8
Insulation Thickness (mm) 50 100 150 200
Insulation Thickness (mm)
Roof Wall
3 35
—4—EPS (K = 0.035)
25 3 —e— Foam concrete (K = 0.070)
N & —#=PUF (K =0.027) <
% —o— Fiber glass (K =0.040
s 2 Foam concrete (K = g.S glass ( )
Py 0.070) 2 ) EPS (K = 0.035)
[¢5]
c
£ - = —e—PUF (K = 0.027)
€ H5
2 1 g
s E 1
~os5 £
0.5
0 L
0 50 100 0
0 50 100 150 200

Insulation Thickness (mm)

Insulation Thickness (mm)




CLIMATOLOGY : Thermal Comfort ],9&”\[

* Thern 01 m"c“?ofai TROPICAL SgRIIlMER INDEX "\{ «
PSYCHROMETRIC CHART ”.\ :
(FOR STILL AIR) L ‘b o
* The tc VAR
' A RATS e C
irrespec o
P e\(X: &l 40 &
\ A g e
* Indice ) \7’(“,," » ' of
climatic —-| ¥ < AT )
T - \‘\ /1“‘;
= \ 4 A 2
o*“ 3 \/ d‘ :g
. * s n X
Ffbpical Summ o A AATREASHTRS |
= == \c’v 4 v "K‘\ /\J 1 g!-
s D§f|n|t|on Tt &oe o v T :};} i n g t50 percent
- - g " 't; " -
kglative humidit) *\:}éa( : AT :;e given
erydronment. RS, 33
¢ \ T :
sang| = .308 t,, - A Sk
- s AN 0
_— ~] { ?
* The thermal co Bs B | iy
30°C with optimsim S LT
e WY :
i 30-34OC : tOIerabI l:l: lz\l; 16 15 98 17 1% 19 20 21 223U B ?j;:‘I; I:\ﬂ 32 33 % )5 38 :7 »n» “;

DRY BULE TEMPERATURE *C



Thermal Comfort Ak

>
O
O
_
=
<
=
_
O

ﬁm g m/ 3 wm_ 8 ms 8 g 8 o
A BVANAAVIINANA VAT b avANE
11\~1..~N~L_| _.___.m\_l ....._ L_.m L x ,Vﬁ_ﬂra\ LA\/KW., __r_-.. _:_1 ‘\H /
Al N A AT Yy ;
SRR
NN DN x.xJ_m_...; S A i FAVAVAV
Nl LI N =ne LA |
i /! & _wx.. VTN L i .__# | { N

40

VAN =t VA T = /K yal
L ANLHN ;Mu...?n ANV S n IV AVATAV D
- N __ i WAl AT AV 1P
m . exca il VI L
n.! 1 .1w bR A i ]
AN N amaon
./L__‘ mJ_ “ . __q. ] g / w. _,__m
A ST N TN/
S O QN G e
KL/ SR Y N VA
1 gr AVAY PR UATIANLS AY "
1 1ToN N ANADATONEAENA VY
TN T T [ )
0_..: ! .& N1 f OA__._ \ ‘___x
; R T TENINN ...____(__\M/h___: |
| | I (A REL YA DANA'ED JATEVAR
| Ta T T RN NONC R N AV
. Lo = w. /
u_.nﬂh 1] X /
r.Aﬂ 1 - m _ — _4_. /
She ull- { oY z - - 7, "
Its; : =EH R E HHHESOOOXR XA A
lm _ .;._M - . m(_..un. < IM.-A ] . / )
Hee Bl | HHH gHE-H L EH 4 /
H = L.l L ““m_ .Lrw.] i ...W.ﬂ m | N .___ \
il i : XY
135 el LT B mew.- o [N Y
ml B = = | _x_‘
I 3 _
Imm "PLE .A..._!.
7] || | IHEN || i
a7l ! NIRIRNENINRERARER
SUveIIIM  JUNSS3Md wnodva || || [] | [
T L T \
- n_: H__m. .___-__ mﬁf_.mr_ w.m_:mm 5 LS Tl e
LI T T r1T 4111781t q1rtr rtrryrrror T 7 1o 1r 11 rert
R H ] 8 ] = a - n o L - n o
A.hz_..ntut 40 ww)] FHNESINd WND4WA
T “\J .I h
° % r_m o O m

e

DRY - BULE TEMPERATURE

Fig. 3 PsvouromMetric CHART (SHOWING CLiMaTic ConpiTions anp THERMaL ComFoRT)



*f

Acknowledgements:
. <

N7/

Fhank You

* Prof. Biwajeet Battachariji, lIT
Delhi
* CSIR-CSIO, Chennai




